SJ. Essential role of hemoglobin beta-93-cysteine in posthypoxia facilitation of breathing in conscious mice. J Appl Physiol 116: 1290 -1299, 2014. First published March 7, 2014 doi:10.1152/japplphysiol.01050.2013.-When erythrocyte hemoglobin (Hb) is fully saturated with O2, nitric oxide (NO) covalently binds to the cysteine 93 residue of the Hb ␤-chain (B93-CYS), forming S-nitrosohemoglobin. Binding of NO is allosterically coupled to the O2 saturation of Hb. As saturation falls, the NO group on B93-CYS is transferred to thiols in the erythrocyte, and in the plasma, forming circulating S-nitrosothiols. Here, we studied whether the changes in ventilation during and following exposure to a hypoxic challenge were dependent on erythrocytic B93-CYS. Studies were performed in conscious mice in which native murine Hb was replaced with human Hb (hB93-CYS mice) and in mice in which murine Hb was replaced with human Hb containing an alanine rather than cysteine at position 93 on the Bchain (hB93-ALA). Both strains expressed human ␥-chain Hb, likely allowing a residual element of S-nitrosothiol-dependent signaling. While resting parameters and initial hypoxic (10% O2, 90% N2) ventilatory responses were similar in hB93-CYS mice and hB93-ALA mice, the excitatory ventilatory responses (short-term potentiation) that occurred once the mice were returned to room air were markedly diminished in hB93-ALA mice. Further, short-term potentiation responses were virtually absent in mice with bilateral transection of the carotid sinus nerves. These data demonstrate that hB93-CYS plays an essential role in mediating carotid sinus nerve-dependent short-term potentiation, an important mechanism for recovery from acute hypoxia.
hemoglobin; S-nitrosothiol; S-nitrosylation; ventilation; hypoxia; posthypoxia THE HYPOXIC VENTILATORY RESPONSE (HVR) in conscious mice (19, 44 ) is likely to be dependent on the carotid bodies (CBs): in anesthetized mice, hypoxia stimulates carotid sinus nerve (CSN) activity (2) , and HVR is markedly attenuated after bilateral CSN transection (25). Hypoxia stimulates chemoafferent activity in isolated mouse CB-CSN preparations (7) , suggesting that peripheral mechanisms are sufficient to generate the HVR. The prevailing concept is that a hypoxemia in the CBs stimulates the release of "neurotransmitters" from primary glomus cells (PGCs), which in turn activate adjacent chemoafferents (29, 55) . However, there is evidence that these chemoafferent neurons themselves might function as (low) O 2 detectors, or at least that their activation is independent of PGC neurotransmitter release (53) . Thus deoxygenated blood may act directly on chemoafferent neurons to increase CSN activity during hypoxic challenge in vivo.
In mice, ventilatory drive diminishes substantially during hypoxic challenge (19, 44) . This ventilatory "roll-off" has been ascribed to mechanisms including 1) neurochemical processes in the nuclei tractus solitarii (nTS), which receive CB chemoafferent input (19) , 2) a decrease in metabolic rate (58) , 3) increases in cerebral blood flow (15) , and 4) the direct depressive effects of hypoxia on brain stem neurons regulating respiratory burst rhythm and amplitude (37) . It is now evident that CSN activity in mice (27, 47, 48) and other animals (16) displays substantial roll-off during brief exposure to hypoxia in vivo. This temporal decrease in CSN activity may result from decreased release of excitatory neurotransmitters from PGCs and/or diminished responsiveness of chemoafferents to these neurotransmitters or circulating factors (16) . Our recent data show that murine roll-off is entirely dependent on the presence of S-nitrosoglutathione (GSNO) reductase (44) , which degrades GSNO and decreases tissue S-nitrosylation status (34) , suggesting that central or peripheral generation of GSNO sustains the ventilatory response to hypoxia. GSNO, known to increase minute ventilation (VM), is formed by nitric oxide synthase (NOS) and by erythrocytic deoxygenation (6, 33) . The cessation of a hypoxic challenge can result in an increase in ventilatory drive. This short-term potentiation of ventilation (STP), which occurs in humans, mice, rats (19, 26, 44, 55) , and cats (39, 40) , may be activated by chemoreceptor afferent input and mediated by a pontomedullary neural mechanism that lasts beyond the period of afferent input (39, 40) . Although little is known about the exact neurochemical processes, STP is markedly diminished in 1) cats by blockade of central serotonin receptors (40) , and 2) in neuronal NOS (nNOS) knock-out mice (26) , the latter suggesting a role for NO or S-nitrosothiols (22, 36) .
When erythrocyte hemoglobin (Hb) is fully saturated with O 2 , NO is covalently bound to the cysteine 93 residue of the ␤-chain (B93-CYS) forming S-nitroso-Hb (6, 14, 18, 45) . Binding of NO is allosterically coupled to the O 2 saturation of Hb. As Hb desaturates in a hypoxemic environment (6, 45) , NO is transferred from Hb to thiol-containing compounds in erythrocyte membranes and cytosol, and in plasma thiols, forming circulating S-nitrosothiols (6, 14, 42) . This B93-CYSdependent process transfers NO ϩ to thiols thereby providing a source of vasodilator SNOs (1, 20, 51) to improve blood flow, and thereby augmenting O 2 delivery to tissues from the erythrocytes. S-nitrosothiols exert positive effects on ventilatory function and pulmonary gas-exchange mechanisms (12) (13) (14) . Moreover, the SNO, S-nitroso-N-acetyl-penicillamine (SNAP), increases CSN chemoafferent activity in isolated CB-CSN preparations from cats (24, 41) .
Therefore, we hypothesized that B93-CYS might be involved in ventilatory control. To our knowledge, hypoxic ventilatory signaling from a specific erythrocytic Hb residue with the ability to report blood/Hb O 2 content, as opposed to dissolved O 2 gas tension, has not previously been studied. We first confirmed the role of the CB-CSN complex in HVR and STP in conscious wild-type mice. Second, we tested whether HVR and STP were dependent on the presence of B93-CYS (hB93-CYS), comparing mice expressing normal human hB93-CYS in place of murine Hb (hB93-CYS mice) to wildtype mice and to those in which murine Hb was replaced with human Hb containing an alanine at position 93 (hB93-ALA mice) (23) . The B93-ALA substitution should diminish Snitrosothiol-Hb (SNO-Hb) signaling (1, 51) , although signaling through SNO-␥-Hb may persist (43) .
MATERIALS AND METHODS

Mice and genotyping.
All studies were carried out in accordance with the National Institutes of Health "Guide for the Care and Use of Laboratory Animals" (NIH Publication No. 80-23) revised in 1996. The protocols were approved by the University of Virginia Animal Care and Use Committee. Adult male C57 black 6 (C57BL6) mice were obtained from Jackson Laboratories (Bar Harbor, ME). Breeding pairs of 1) C57BL6 mice in which native murine Hb was replaced with human Hb (hB93-CYS), and 2) C57BL6 mice in which murine Hb was replaced with human Hb in which the cysteine in the 93 position of the ␤-chain was replaced with an alanine (hB93-ALA), were kindly provided by Dr. Tim Townes (Univ. of Alabama, Birmingham) (23) . Note that these mice also expressed human ␥-chain gene. The hB93-CYS and hB93-ALA mice and their off-spring were maintained in a breeding colony at the University of Virginia.
Genotypes of hB93-CYS or hG93-ALA were confirmed using the following primers: human ␥-chain, 5=-GTTTAGCCAGGGAC- Data are presented as means Ϯ SE. There were 6 mice in each group. *P Ͻ 0.05, significant change from prevalues. There were no between-group differences at any time point (P Ͼ 0.05, for all comparisons). CGTTTCAG and 5=-AATTCTGGCTTATCGGAGGCAAG; wildtype human ␤-chain, 5=-TTGAGCAATGTGGACAGAGAAGG and 5=-GTCAGAAGCAAATGTGAGGAGCA. Additionally, the restriction endonuclease MaeIII digests human wild-type, but not human B93-cysteine to B93-alanine. Post-digest B93-cysteine to B93-alanine primers were included with the ␤-chain primers: 5=-ACAAGACAG-GTTTAAGGAGACC-3= and 5=-CTGTACCCTGTTACTTCTCCCC-3=. PCR conditions were 2 min at 95°C, 30 s at 95°C, 20 s at 63°C, 1 min at 68°C, with 31 cycles after step two, followed by 10 min at 68°C. Human Hb electrophoresis was performed in our clinical laboratory on a subpopulation of mice at different ages showing a loss of fetal Hb in hB93-CYS mice, but a steady level of ϳ1% fetal Hb over time in the hB93-ALA mice. Surgical transection of the carotid sinus nerves. Male C57BL6 mice were anesthetized with isoflurane (2% in room air) and a midline neck incision was made to reveal both carotid sinus nerves (CSNs). In some mice, the CSNs were isolated but not transected (SHAM mice) whereas in other mice, the CSNs were isolated and transected (CSNX mice). The mice were given 10 -12 days to recover from surgery before use.
Protocols for hypoxic challenge. Ventilatory parameters were recorded in conscious unrestrained mice via whole body plethysmography (PLY3223; BUXCO, Wilmington, NC) as described previously (44) . The parameters were frequency of breathing (fR); tidal volume (VT); minute ventilation (VM); inspiratory time (TI); expiratory time (TE); VT/TI, an index of respiratory drive (see 44); peak inspiratory flow (PIF); and peak expiratory flow (PEF). The provided software (Fine Pointe, BUXCO) constantly corrected digitized values for changes in chamber temperature and humidity. A rejection algorithm was included in the breath-by-breath analysis to exclude episodes of nasal breathing. Pressure changes associated with the respiratory waveform were converted to volumes (VT, PIF, and PEF) using the algorithm of Epstein and colleagues (8, 9) . More specifically, factoring in chamber temperature and humidity, the cycle analyzers filtered the acquired signals, and proprietary algorithms (Fine Pointe, BUXCO) generated an array of box flow data that identified a breath. From that data vector, the minimum and maximum values were determined. The flows at this point were "box flow" signals. From this array, the minimum and maximum box flow values were determined. Minimum and maximum box flows were then multiplied by the compensation factor provided by the selected algorithm (8, 9) , thus producing the VT, PIF, and PEF parameters. The mice were placed in the plethysmography chambers and allowed 45-60 min to acclimatize and then exposed to a hypoxic (10% O 2, 90% N2) or hypercapnicnormoxic challenges (5% CO2, 21% O2, 76% N2) for 15 min after which time they were reexposed to room air for 15 min (44) .
Body temperature recordings. Male C57 mice (n ϭ 9, 86.8 Ϯ 1. (Coy, Grass Lake, MI), which initially had room air flowing through its housing chamber. This chamber allowed access to the mice and recording equipment through air-tight arm holes. After 5 min, the thermistor probe was inserted 1.5-2.0 cm into the rectum to record TC. The mice were then removed and 10% O2 was established in the chamber using a Pro:Ox Model 350 unit (Biospherix, Lacona, NY), which controlled the fractional concentration of O 2 in inspired gas by solenoid controlled infusion of N2 balanced against an inward leak of air. The mice were again placed in the chamber maintained at 10% O2, and TC was recorded 5 and 15 min during hypoxic challenge and 5 and 15 min after return to room air (induced rapidly by turning off the flow of N 2 and fully opening the chamber).
Statistics. All recorded data and derived-parameters, namely, VT/TI and total responses (cumulative %changes from prehypoxia values), are presented as means Ϯ SE. The following steps were taken to determine the total responses during hypoxic challenge and return to room air. For each animal, we summed the 15 values (1 per min) recorded before the hypoxic challenge, and the 15 values recorded both during the hypoxic change and subsequent return to room air. We then determined the cumulative response by the formula, total response (%change) ϭ {[(sum of values during hypoxic challenge or return to room air) Ϫ (sum of values before hypoxic challenge)]/sum of values before hypoxic challenge} ϫ 100. We then determined the mean and SE of the group data. All data were analyzed by one-way or two-way ANOVA followed by Student's modified t-test with Bonferroni corrections for multiple comparisons between means (Palmer et al., 2013) .
RESULTS
Baseline parameters and body temperature responses in C57BL6, hB93-CYS, and hB93-ALA mice. There were no between-group differences in age, body weight, or baseline ventilatory parameters in C57BL6, hB93-CYS, or hB93-ALA mice used in the ventilatory studies (Table 1) . TC values prior to the hypoxic challenge were similar in C57BL6, hB93-CYS, and hB93-ALA mice ( Table 2 ). In C57BL6 mice, TC fell slightly during exposure to hypoxia (maximal response at 15 min of Ϫ0.41 Ϯ 0.05°C) and gradually recovered to prehypoxia levels upon return to room air. The changes in TC recorded in hB93-CYS and hB93-ALA mice were similar to one another and those recorded in the C57BL6 mice (P Ͼ 0.05, for all between-group comparisons).
Ventilatory responses during hypoxic challenge for hB93-CYS and hB93-ALA mice. Exposure of hB93-CYS mice to hypoxic challenge (10% O 2 , 90% N 2 ) elicited immediate responses including 1) increases in fR and VT, and therefore VM; 2) decreases in TI and TE; 3) increases in VT/TI; and 4) increases in PIF and PEF (Figs. 1-3 and Table 3 ). Ventilatory responses, including fR, VT, VM, TI, VT/TI, and PIF, displayed substantial roll-off during the hypoxic challenge whereas TE and PEF responses did not. As such, the increases in fR observed at the latter stages of the challenge were associated with a reduction in TE rather than TI. The ventilatory responses that occurred in the hB93-ALA mice were similar to those in the hB93-CYS mice with respect to the initial maximal responses and the degree of roll-off, except for modest attenuation of PEF (Figs. 1-3 , Table 3 ).
Ventilatory responses upon return to room air for hB93-CYS and hB93-ALA mice. The hB93-CYS mice displayed an array of ventilatory responses upon return to room air (Figs. 1-3 , Table 3 ), including 1) increases in fR, VT, and VM; 2) decreases in TI and TE; and 3) increases in VT/TI, PIF, and PEF. These responses diminished over time although many had not returned to prelevels by 15 min. In contrast, many of the ventilatory responses that occurred after return to room air were markedly blunted in the hB93-ALA mice. The initial increases in fR (and the associated decreases in TI and TE), VT, VM, and VT/TI were substantially smaller in hB93-ALA mice than in hB93-CYS mice (Figs. 1 and 2, Table 3 ), whereas the initial increases in PIF and PEF were similar in both groups (Fig. 3, Table 3 ). The cumulative %responses were considerably smaller in hB93-ALA than in hB93-CYS mice for all parameters except PEF (Fig. 4, bottom) .
Comparison of ventilatory responses in hB93-CYS and C57BL6 mice. The changes in fR, VT, and VM during and following hypoxic challenge in the hB93-CYS mice described above and control C57BL6 mice (n ϭ 13) are summarized in Fig. 5 . The responses during hypoxic challenge were similar in both groups with respect to maximal and total responses and values at the 15 min time point of the challenge (Table 4 , P Ͼ 0.05, for all comparisons). After return to room air, the changes in fR and VT were similar in the hB93-CYS and C57BL6 mice except that the total responses for VT and VM were somewhat greater in the hB93-CYS mice (Table 4) .
Ventilatory responses in SHAM and CSNX mice.
There were no between-group differences in age, body weight, or resting ventilatory parameters in the SHAM or CSNX mice (Table 5 ) (P Ͼ 0.05 for all comparisons). The changes in fR, VT, and VM during and after hypoxic challenge in SHAM and CSNX mice (both C57BL6) are summarized in Fig. 6 and Table 6 . The ventilatory responses during hypoxic challenge and upon return to room air were markedly diminished in CSNX mice compared with SHAM mice. In contrast, the maximal responses elicited during hypercapnic challenge were similar in SHAM and CSNX mice whereas the responses upon return to room air were markedly diminished in CSNX mice (data not shown).
Fetal hemoglobin expression in hB93-CYS and hB93-ALA mice. Hb electrophoresis demonstrated human fetal Hb expression in hB93-CYS and hB93-ALA mice (Fig. 7) . There was a trend for fetal-Hb to fall with age in B93CYS mice and to rise with age in B93-ALA mice. Percent fetal-Hb in hB93-ALA 
DISCUSSION
The role of hemoglobin in short-term potentiation. The major finding of this study was that murine STP, in which return from hypoxia to room air resulted in a dramatic increase in ventilatory drive lasting for at least 10 min, was similar in the hB93-CYS and C57BL6 mice, but was virtually absent in the hB93-ALA mice. This suggests that murine STP is dependent on erythrocytic hB93-CYS. STP was also markedly diminished in the conscious CSNX C57BL6 mice, consistent with evidence that the CB-chemoafferent complex is essential for the generation of STP in other species (39, 40) . Of note, CSN activity in isolated CB-CSN preparations does not increase on reoxygenation (27, 47, 48) suggesting that mediators intrinsic to the CB complex are not responsible for the increase in CSN activity in vivo in STP, whereas the CB itself is essential for initiation of the HVR. Further, O 2 tension itself was not likely responsible for different STP between the hB93-CYS and the hB93-ALA mice. Although the hB93-ALA mutation slightly increases the affinity of Hb for O 2 (35) , the mutant (and wild-type knock-in) mice had an identical initial HVR responses, demonstrating that dissolved O 2 levels could not have been altered in the hB93-ALA mice to a degree sufficient to affect the CB response to hypoxia.
On the other hand, hB93-CYS-dependent reactions have been reported to signal a change in Hb conformation. Specifically, this cysteine is modified by NO ϩ , and conformational change from R (oxygenated) to T (deoxygenated) results in exposure of this NO ϩ to transnitrosation reactions; reactions of nitrogen oxides bound to the hB93-CYS are sterically hindered when Hb is in the R conformation (3, 6, 18, 42, 45) . Products of transnitrosation reactions from Hb-CYS-NO in Hb molecules in T-state Hb can include S-nitrosylated anion exchange protein-1 and low-mass S-nitrosothiols (6, 42, 45) . These reactions proceed as a logarithmic function of Hb-O 2 saturation at fixed temperature, pH, and PCO 2 (6, 42) . No other class of compounds has been identified that requires HbC93 for formation in hypoxia. Further, although somatic cell Hb regulates vascular nitrogen oxide signaling (52), this is Hb ␣, not Hb ␤: it would not be differentially affected in these ␤-mutant mice. We therefore speculate that an Hb-CYS-93-derived S-nitrosothiol, formed during oxyhemoglobin desaturation, signals STP downstream of the CB in the CSN. Of interest, Hb desaturation in the systemic periphery can result in gradual formation of low-mass S-nitrosothiol species that return to the central circulation (42): circulation of a Hb-derived S-nitrosothiol could permit STP by continuing to stimulate residual ventilatory activity after the PO 2 increases to normal. It could be expected that the concentrations of circulating S-nitrosothiols would take time to degrade to levels that no longer exert physiological effects. Thus the appearance, magnitude, and time of decay of STP would parallel the levels of circulating S-nitrosothiols. We believe that this may represent a novel paradigm whereby blood O 2 content, signaled by Hb conformation, rather than simply the tension of dissolved O 2 and CO 2 , might signal ventilatory effects. 
Hypoxic challenge
Maximal response, %change from prevalues hB93-CYS ϩ47 Ϯ 5* ϩ81 Ϯ 10* ϩ156 Ϯ 14* C57BL6 ϩ42 Ϯ 5* ϩ71 Ϯ 8* ϩ143 Ϯ 15* Response at 15 min, %change from prevalues hB93-CYS ϩ11 Ϯ 4* ϩ35 Ϯ 7* ϩ50 Ϯ 6* C57BL6 ϩ4 Ϯ 3 ϩ33 Ϯ 5* ϩ39 Ϯ 5* Total response, %change from prevalues hB93-CYS ϩ23 Ϯ 3 ϩ54 Ϯ 7* ϩ91 Ϯ 12* C57BL6 ϩ18 Ϯ 2 ϩ48 Ϯ 6* ϩ77 Ϯ 9*
Return to room air
Maximal response, %change from prevalues hB93-CYS ϩ63 Ϯ 8* ϩ88 Ϯ 9* ϩ201 Ϯ 20* C57BL6 ϩ60 Ϯ 7* ϩ78 Ϯ 9* ϩ181 Ϯ 19* Response at 15 min, %change from prevalues hB93-CYS ϩ20 Ϯ 4* ϩ19 Ϯ 3* ϩ39 Ϯ 6* C57BL6 ϩ15 Ϯ 4* ϩ15 Ϯ 4* ϩ32 Ϯ 5* Total response, %change from prevalues hB93-CYS ϩ39 Ϯ 3* ϩ46 Ϯ 4* ϩ105 Ϯ 8* C57BL6
ϩ33 Ϯ 3* ϩ34 Ϯ 3* † ϩ82 Ϯ 7* † Data are presented as means Ϯ SE. There were 15 mice in the hB93-CYS group and 13 mice in the C57BL6 group. *P Ͻ 0.05, significant response. †P Ͻ 0.05, C57BL6 mice vs. hB93-CYS mice. Data are presented as means Ϯ SE. SHAM, sham-operated mice. CSNX, mice with bilateral carotid sinus nerve transection. There were 9 mice in each group. There were no between-group differences in any parameter (P Ͼ 0.05, for all comparisons).
We cannot definitively rule out the possibility that compounds derived from the hB93-CYS during Hb desaturation reach central neurons, such as those in the nTS or the area postrema, to affect ventilatory control (10, 11) . Indeed, administration of deoxyHb-derived GSNO to the nTS can affect VM (33) . Although the lipophobicity of S-nitrosothiols makes this seem unlikely, concordance of central and peripheral S-nitrosothiol-mediated ventilatory regulation has been proposed (33) , and may be relevant to STP. Neuronal NOS (nNOS) activation produces S-nitrosothiols in the central nervous system (17, 28) . STP is markedly diminished in nNOS knock-out mice (26) or by blockade of central serotonin receptors in cats (39, 40) : central S-nitrosothiols and serotonergic pathways likely participate in STP signaling downstream from the CSN afferents.
Initial ventilatory excitant responses during hypoxic challenge. The diminished ventilatory response during hypoxic challenge in conscious CSNX mice is consistent with the vital role of CB chemoafferents in the expression of HVR in this species (2, 25) . The finding that the initial responses during hypoxic challenge were similar in B93-CYS and B93-ALA mice suggests that the initial ventilatory response, unlike STP, is not dependent on hB-CYS-93. At least three possibilities exist in this regard. First, the initial hypoxic ventilatory response may be exclusively O 2 -dependent, as is commonly assumed. However, ventilatory roll-off during hypoxia is completely ablated in mice lacking the ability to catabolize GSNO (44) , suggesting a role for central and/or peripheral GSNO formation in the initial ventilatory response to hypoxia (see below). Thus the initial hypoxic ventilatory response may represent a combination of an acute effect of low PO 2 coupled with gradual central and peripheral GSNO formation; in this scenario, the kinetics of formation and breakdown would determine the extent and timing of roll-off and STP. Second, as less than 1:1,000 Hb molecules are normally S-nitrosylated in vivo, 1% fetal Hb [likely capable of being S-nitrosylated (23)] may be sufficient to stimulate the initial hypoxic response, but not posthypoxic effects. Third, different Hb-derived and nNOS-derived S-nitrosothiols may have opposing effects: for example, GSNO may stimulate increased minute ventilation, whereas another S-nitrosothiol formed may inhibit ventilation. Of note, activation of nNOS in the CBs plays a key role in initiating HVR (29) . While the nNOS-mediated generation of NO could not mediate this response because NO inhibits hypoxic chemotransduction in the CB (29, 57) , nNOS generates S-nitrosothiols (17) which can increase CSN chemosensory discharges in isolated CB-CSN preparations (24, 41) . Moreover, the generation of S-nitrosothiols in brain pathways downstream of CSN chemoafferent input may also be involved. More specifically, HVR is initiated by activation of N-methyl-D-aspartate (NMDA) receptors (NMDARs) in the nTS with ensuing increases in intracellular Ca 2ϩ driving increases in nNOS activity (19) . Although activation of nNOS plays a key role in initiating HVR (19) , NO inhibits hypoxic chemotransduction in the brain stem (56) . As such, the generation of nNOS-mediated generation of S-nitrosothiols such as GSNO and S-nitrosocysteinylglycine (CGSNO), which are readily detectable in the brain (5, 28, 49) , may be involved in the HVR. Indeed, Lipton et al. (33) found that the microinjection of GSNO, CGSNO, and S-nitrosocysteine (CSNO) into the nTS of conscious rats increases VM. Our finding that the initial ventilatory responses that occur upon exposure to hypoxia are exaggerated in conscious mice deficient in GSNO reductase (44) , tentatively supports a role for central GSNO in the expression of these initial responses.
Ventilatory roll-off. The hB93-ALA mice also had normal ventilatory roll-off. This observation is an additional argument against a central ventilatory effect of hB93-CYS-derived compounds: roll-off is a centrally mediated effect involving diminished activity of NMDARs in the nTS (19) . That said, GSNO catabolism is almost certainly involved mediating roll-off: as noted above, genetic deletion of GSNO reductase completely ablates roll-off (44) . S-nitroso-N-acetyl penicillamine decreases the elevated chemosensory discharges in isolated CB-CSN preparations during hypoxic challenge (24, 41) . Although beyond the scope of this discussion, other S-nitrosothiols, including S-nitroso-albumin (50) and CSNO formed during hypoxia, may have opposing effects at different sites in the respiratory control pathway, including S-nitrosylation of NMDARs (4, 54) , S-nitrosylation-independent effects on NMDARs (54), or effects on other ion-channels and receptors (21, 32) expressed in PGCs (29, 46) and central respiratory centers.
Baseline parameters and temperature responses to hypoxic challenge. Our finding that resting body weights, TC, and ventilatory parameters of hB93-ALA mice were similar to those of the wild-type C57BL6 mice and hB93-CYS mice suggests that the loss of B93-CYS did not adversely affect health (including metabolism) or baseline ventilatory physiology. It has been shown that hB93-ALA mice have nitrosylated Hb, likely reflecting fetal Hb (23, 43) , and so the role of Hb in baseline physiology may not be compromised. One way or another, it is clear that the control of normoxic ventilatory physiology is a multifactorial process that is too important to be regulated by a single component, and the mice are thus likely to have compensated for loss of hB93-CYS through fetal Hb or other compensatory mechanisms. It should be noted that although hB93-ALA mice had higher percent fetal-Hb expression than hB93-CYS mice, this was not sufficient to overcome the dramatic loss of the STP responses, which clearly supports the vital role of hB93-CYS in STP. In addition, the findings that the decreases in TC during hypoxia and gradual recovery to prehypoxia levels were similar in C57BL6, hB93-CYS, and hB93-ALA mice suggests that the marked differences in posthypoxic ventilatory responses in hB93-ALA mice compared with hB93-CYS and C57BL6 mice are not due to differences in body metabolism between the three groups.
Summary. The present study demonstrates that hB93-CYS is essential for expression of STP in conscious mice. We have provided evidence that systemic injections of CSNO activate vagal afferents in rats (30, 38) . As such, it is possible that hB93-CYS-derived S-nitrosothiols may stimulate ventilation through actions on PGCs or chemoafferent terminals in the CBs. The possibility that S-nitrosothiols derived from hB93-CYS may directly activate CSN chemoafferents from the CB suggests an entirely new paradigm in understanding ventilatory regulation, a paradigm in which Hb conformation, rather than dissolved O 2 tension, could signal a ventilatory response to blood O 2 content. S-nitrosothiols exert their biological effects via a multiplicity of processes (20, 21, 31, 36) . However, the precise mechanisms of signaling between hB93-CYS-derived S-nitrosothiols and CSN chemoafferents remain to be determined. 
GRANTS
Hypoxic challenge
Maximal response, %change from prevalues SHAM ϩ36 Ϯ 6* ϩ79 Ϯ 6* ϩ143 Ϯ 8* CSNX ϩ17 Ϯ 2* † ϩ19 Ϯ 4* † ϩ35 Ϯ 6* † Response at 15 min, %change from prevalues SHAM ϩ7 Ϯ 3* ϩ16 Ϯ 4* ϩ24 Ϯ 4* CSNX Ϫ10 Ϯ 2* † Ϫ6 Ϯ 3* † Ϫ15 Ϯ 3* † Total response, %change from prevalues SHAM ϩ18 Ϯ 3* ϩ46 Ϯ 4* ϩ74 Ϯ 6* CSNX Ϫ1 Ϯ 2 † ϩ3 Ϯ 3 † ϩ2 Ϯ 4 †
Return to room air
Maximal response, %change from prevalues SHAM ϩ52 Ϯ 7* ϩ80 Ϯ 6* ϩ174 Ϯ 15* CSNX ϩ11 Ϯ 3* † ϩ17 Ϯ 7* † ϩ32 Ϯ 10* † Response at 15 min, %change from prevalues SHAM ϩ1 Ϯ 2 ϩ11 Ϯ 3* ϩ12 Ϯ 4* CSNX ϩ1 Ϯ 3 ϩ2 Ϯ 3 ϩ3 Ϯ 3 Total response, %change from prevalues SHAM ϩ27 Ϯ 4* ϩ44 Ϯ 3* ϩ88 Ϯ 8* CSNX ϩ4 Ϯ 2 † ϩ5 Ϯ 4 † ϩ10 Ϯ 5 † Data are presented as means Ϯ SE. SHAM, sham-operated mice. CSNX, mice with bilateral carotid sinus nerve transection. There were 9 mice in each group. *P Ͻ 0.05, significant response. †P Ͻ 0.05, CSNX mice versus SHAM mice. 
